INTRODUCTION
Dystroglycanopathies are a group of muscle disorders that are often associated with brain and ocular defects, and they display great genetic and clinical variability (1, 2) . Phenotypic presentations can vary widely, from Walker -Warburg syndrome (WWS) (MIM 236670), a perinatal lethal form of congenital muscular dystrophy (CMD) also characterized by severe cortical and ocular malformations (3, 4) , to milder postnatal neuromuscular phenotypes with no brain malformations, such as CMD associated with intellectual disability or limbgirdle muscular dystrophy (LGMD), a type of MD primarily affecting the proximal muscles (MIM253600; 607155) (5, 6) .
Sixteen different genes have been found mutated in dystroglycanopathies and have identified glycosylation of dystroglycan as the primary molecular mechanism disrupted in the affected tissues (2, 7) . Dystroglycan is a transmembrane glycoprotein, which acts as the link between the dystrophin complex inside the cell and extracellular matrix (ECM) components such as laminin on the outside (8) . In tissues where the ECM in the basement membrane controls development and maintenance such as the muscle and kidney, dystroglycan-mediated interactions are necessary for tissue integrity and function and disruptions lead to muscular dystrophy and renal malformations. In addition, the lamination of multiple neuronal epithelia in the retina, cerebral cortex and cerebellum is disorganized in many dystroglycanopathy cases, identifying an important role for dystroglycan in neuronal proliferation and migration (9, 10) .
Only a handful of patients carry mutations in the dystroglycan (DAG1) gene itself (MIM 128239), and nine of the known dystroglycanopathy genes are confirmed or predicted glycosyltransferases involved in assembling specific glycans on the mucin domain of the extracellular portion of the protein, adystroglycan (a-DG) (2) . Each glycosyltransferase catalyzes a very specific reaction and the study of these proteins has revealed a complex pattern of glycosylation controlling interactions between a-DG and the ECM. Analyses via mass spectrometry have identified a variety of glycan species on a-DG (11, 12) , but one of the most important portions of the laminin-binding site appears to be a trisaccharide core composed of N-acetylgalactosamine, N-acetylglucosamine and mannose (Man), and designated as core M3 (13) . Protein O-mannosyltransferases 1 and 2 [POMT1 (MIM 607423) and POMT2 (MIM 607439)], which were some of first genes found to be mutated in dystroglycanopathies (14, 15) , catalyze the initiation of O-linked chains starting with the Man residue. Two additional glycosyltransferases, GTDC2
(MIM 614828) and B3GALNT2 (MIM 610194), add the GlcNac and GalNac, respectively (16) (17) (18) . Loss-of-function mutations in these three genes cause WWS and severe eye-brain-muscle phenotypes confirming the critical role of the core M3 glycan in dystroglycan function.
However, laminin binding is also regulated by phosphorylation of the Man residue in the core M3 glycan (13) , and a protein involved in this phosphorylation event has been recently identified as the putative Sugen Kinase 196, SGK196 (MIM 615247), also called protein O-mannose kinase or POMK (18) . Missense mutations in POMK have been described in one WWS case as part of a screen for genes that affect a-DG glycosylation (7) and recently in a family with a phenotype similar to merosin-deficient muscular dystrophy (19) . However, little is known about the clinical presentation of patients carrying POMK mutations and the role of this gene during fetal development.
Here we present two families carrying loss-of-function POMK mutations but displaying variable presentations ranging from WWS to LGMD indicating that loss of POMK activity differentially affects dystroglycan function. We show that POMK protein and mRNA are highly expressed in muscle and brain tissues during human fetal development and in particular during myocyte differentiation. In developing zebrafish embryo, pomk knockdown rapidly leads to decreased mobility in the chorion and to the development of muscular dystrophy by 3 days postfertilization (dpf), indicating that function of this protein is important during early muscle development.
RESULTS

Identification of POMK mutations in LGMD and WWS
Family 1 presented with LGMD and cognitive impairment (Table 1) , a phenotype at the milder end of the dystroglycanopathy spectrum. Two affected siblings were born to a Jordanian first cousin union residing in Saudi Arabia (Fig. 1A, Family 1 ). Patient 1 is a female who is currently 25 years of age and first presented in infancy with weakness and delayed motor development, learning to walk at 18 months. In her latest neurological exam at age 22, she displayed increased proximal weakness, calf pseudohypertrophy (Fig. 1B) , hyporeflexia, mild facial weakness and Gower's sign. Creatine kinase (CK) levels were elevated to 1090 U/l compared with normal levels ,140. At the time of the last follow-up visit, she was still ambulatory, but needed to hold on to the banister to climb stairs. Her IQ was tested at 80, which is in the low average range, but she required special schooling and was diagnosed as intellectually disabled. A CT scan revealed an enlargement of the cisterna magna, but overall normal brain structure and gyration pattern (Supplementary Material, Fig. S1A ). The youngest brother in the family, Patient 2, had a similar presentation in infancy. He was 7.5 years old at the time of his last neurological exam and was more mildly affected (Table 1; Supplementary Material, Fig. S1B ). He is now 13 years old and can still climb stairs without support, though his posture and gait are affected by the muscle weakness. CK levels were last measured at 9 years of age at 1420 U/l. A muscle biopsy was performed, and while showing signs of cell death and regeneration typical of muscular dystrophy, muscle fibers were reported positive for all markers tested (dystrophin, utrophin, merosin, dysferlin, a-, b-, g-and d-sarcoglycans and b-dystroglycan). At the time of testing, dystroglycanopathy was not yet considered as part of the differential diagnosis and a-dystroglycan glycosylation levels were not assayed. Patient 2 also requires special schooling and his IQ is 83. MRI imaging showed an arachnoid cyst by the left temporal lobe, but an otherwise normal brain (Fig. 1C) . Arachnoid cysts are non-specific findings (20) and are not usually associated with LGMD, so it is unclear whether they share the same genetic cause in these cases.
Due to the consanguinity in the family, we expected the disease-causing mutation to be harbored in a region of homozygosity shared by all affected individuals (21) . Total genomic DNA was hybridized to Illumina Human610-Quad for genomewide genotyping and homozygosity mapping was performed using algorithms designed in house. Loci for all known LGMD and dystroglycanopathy genes were excluded. Three regions of homozygosity were identified: the largest one spanned the centromere of chromosome 8 (chr 8p12-q12 from rs11773958 to rs10108135) and extended for 25.5 Mb containing 106 genes, the other two regions were smaller, 2.6 Mb on chr18p11 (rs1466421 -rs2864780) and 0.6 Mb on chr6q25 (rs9365059 -rs598558), and contained 12 and 8 genes, respectively (Supplementary Material, Fig. S1C ). All 126 genes were sequenced in Patient 1 using a targeted next-generation sequencing approach on an Illumina HiSeq machine following capture on a NimbleGen custom array. 92.5% of bases in the regions were covered at 5× and only two homozygous variants leading to protein sequence changes were identified in the largest region on chromosome 8: a stop codon in POMK (c.325C . T, p.Gln109 * , Fig. 1D ) and a missense change in GPR124 (c.1124C . A, p.Thr375Lys). Both variants were confirmed by Sanger sequencing and were present in homozygosity in the affected individuals and in heterozygosity in the parents. Neither variant was present in 6500 exomes in the Exome Variant Server from the NHLBI Exome Sequencing Project or in 831 exomes sequenced in the Walsh lab and including Middle Eastern controls (22) , showing that these changes are extremely rare. GPR124 is a G protein-coupled receptor, which is part of the adhesion-GPCR family, and extensive analysis in mouse models lacking this gene revealed an essential role in vascular development which is not consistent with the patients' phenotype (23, 24) . POMK is predicted to encode a 350 amino acid single-pass transmembrane protein containing a protein kinase-like domain, which is mostly removed by the p.Gln109 * mutation (Fig. 2E) . We sequenced POMK in a cohort of 57 cases in the LGMD and mild dystroglycanopathy spectrum, but did not identify additional mutations.
We then queried a database of 28 exomes generated from cases with more severe dystroglycanopathy presentations and identified one additional individual with mutations in POMK. Patient 3 was a male born from non-consanguineous Italian parents ( Fig. 2A ) and he presented with the most severe form of dystroglycanopathy, WWS (Table 1 ). Macrocephaly and hydrocephalus were diagnosed in utero upon prenatal ultrasound at 32 weeks of gestation and delivery via cesarean section was performed at 34 weeks. Head circumference was large (38 cm; .97th percentile) and a ventriculoperitoneal shunt was inserted because of substantial intracranial hypertension. Hypotonia, glaucoma of the right eye and bilateral retinal degeneration plus severe bilateral sensorineural hearing loss were noted. Following severely delayed psychomotor development and tonic seizures, additional testing was performed at 7 months of age. CK was 3985 U/l and muscle fibers were reported absent upon muscle biopsy. Radiological imaging via MRI showed cobblestone lissencephaly, agenesis of the corpus and severe cerebellar vermis hypoplasia (Fig. 2B ). Electroencephalography revealed poor organization of background activity and multifocal epileptic abnormalities. He had two compound heterozygous variants in POMK: a frameshift change (c.286delT, p.Phe96Phefs * 19) and a missense change (c.905T . A, p.Val302Asp) in a highly conserved amino acid predicted to be damaging by two independent pathogenicity prediction softwares (SIFT ¼ 0 with 0 being the most damaging; Polyphen2 ¼ 0.98 with 1 being the most damaging) ( Fig. 2C and D) . These changes were not present in any of the databases listed above.
Another patient reported to have a typical WWS presentation was described by Jae et al. (7), carrying compound heterozygous missense variants in POMK (Fig. 2E) , and the same p.Gln109 * mutation was recently identified in a Lebanese family with CMD, hypomyelination and intellectual disability (19) . Our findings expand the phenotypic variation in POMK mutations despite the fact that both patients presented here carry severe protein-truncating mutations.
POMK is highly expressed in the brain and muscle during development
To define the expression pattern of POMK during human development, we used quantitative PCR (qPCR) to study relative expression levels of POMK expression in a panel of human tissues (Fig. 3A) . The highest expression in both fetal and adult tissues was observed in the brain, skeletal muscle, kidney and heart, which are usually the most severely affected tissues in the patients and is consistent with expression patterns observed for other dystroglycanopathy genes (16) . Analysis across different regions in the adult human brain also showed highest expression in the cerebral cortex (Fig. 3B ). Given the high mRNA expression of POMK in the cerebral cortex, we asked whether expression in the brain was dynamic. We used mouse cerebral cortex samples collected throughout embryonic and postnatal development up to weaning for western blot analysis and found that Pomk was expressed as early as embryonic day (E) 12, but noted marked increase in Pomk expression starting from the later stages of embryonic development at E16 (Fig. 3C) .
Expression levels were comparable in the brain, kidney and heart in both time-points tested via qPCR, but skeletal muscle levels were reduced by .60% in the adult. We then tested POMK expression in the fetal and adult muscle by immunohistochemistry and observed a consistent result. In human fetal muscle samples, co-localization of POMK with laminin shows the expression of POMK around nuclei located within the laminin staining on the surface of myofibers (Fig. 3D,i) . In addition, interstitial cells strongly positive for POMK were also detected outside of laminin staining (Fig. 3D ,ii). Co-localization of POMK with anti-human lamin A/C in human fetal muscle revealed POMK reactivity distributed at the outer edge of the nuclear envelope, suggesting a possible localization in the Golgi apparatus and endoplasmic reticulum (Fig. 3E) . In adult muscle, co-localization of POMK and laminin revealed the presence of interstitial cells strongly positive for POMK expression (Fig. 3F,i) . In addition, cells located within blood vessels also expressed POMK (Fig. 3F,ii) . Co-staining of POMK with lamin A/C in adult human muscle revealed again the presence in interstitial cells positive for both markers and occasional intramyofiber cytoplasmic reactivity (not shown). This dynamic expression pattern of POMK in the human muscle suggests a possible important role during early development as POMK appears to be ubiquitously expressed in myocytes and interstitial cells, but then expression decreases and becomes restricted to a small interstitial population between myofibers or cells associated with blood vessels.
Silencing of POMK in differentiating human fetal muscle cells leads to reduction in dystroglycan glycosylation
To better understand the role of POMK during muscle differentiation, human fetal myogenic cells were purified based on the expression of the melanoma cell adhesion molecule, MCAM 
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Human Molecular Genetics, 2014, Vol. 23, No. 21 and differentiated in vitro as previously described (25, 26) . POMK expression was observed in all purified cells including MCAM-positive myogenic cells, indicating that POMK is present in the muscle before differentiation (Fig. 4A ). Myogenic cells were induced to differentiate over the course of 8 days: at plating individual cells are evenly distributed around the culture vessel, but between Days 2 and 5 cells begin to elongate and fuse leading to the progressive formation of larger myotubes (Fig. 4B) . POMK expression was monitored by western blot on protein lysates harvested at different days following induction of differentiation and we found that it rapidly increased following induction of differentiation and persisted throughout the course of differentiation (Fig. 4C ). Interestingly, a protein doublet was observed in differentiating human fetal muscle cells, consistent with the protein doublet seen in embryonic mouse cerebral cortex.
To determine if downregulation of POMK expression in differentiating human muscle cells leads to abnormalities in myotube formation or in the regulation of dystroglycan glycosylation, RNA silencing of POMK was induced in mononuclear cells that were then allowed to differentiate in vitro. Different concentrations of a pool of small interfering RNA oligonucleotides (siRNAs) designed to reduce POMK expression were tested in parallel with non-targetable (NT) siRNA control, demonstrating that downregulation of POMK expression was effective (Fig. 4D) . Myotube formation was monitored in NT-and POMK-silenced cultures, but no significant differences were seen in the overall fusion index between the cultures. In contrast, expression of the glycosylated form of a-DG was significantly decreased in POMK-silenced cultures compared with NTsiRNA (Fig. 4E) . These findings indicate that while POMK is expressed during the early stages of myocyote differentiation and it regulates a-DG glycosylation, it is not necessary for myocyte fusion and may be involved in later stages of muscle differentiation.
Loss of SGK196 disrupts muscle function and a-DG glycosylation in the zebrafish
To further explore the role of POMK loss of function throughout muscle development, we used a protein knock-down approach in the zebrafish embryo. Expression of a gene of interest can be removed by injecting morpholinos oligonucleotides (MOs) targeting either translation initiation or splicing of the mRNA in the fertilized oocyte, and the zebrafish has proven to be a reliable model for human neuromuscular disorders (27) . Zebrafish pomk (zgc:101572) is a two exon gene displaying 59.5% DNA identity to the human gene. We obtained MOs targeted against the start site or the splice donor site in the first intron of the gene and tested both by injection in the fertilized zebrafish embryo at the one-to two-cell stage. Injection at 5 ng revealed comparable results for both MOs, leading to embryos with a small head, delayed ocular development, shortened thicker tail and U-shaped somites at 1 dpf (Fig. 5A) . Embryo motility was also reduced in the chorion at this time. Spontaneous locomotor activity is evident in the zebrafish embryo starting at 17 hours postfertilization (hpf) as body coiling movements which often lead to changes in embryo position in the chorion ( Fig. 5B ; Supplementary Material, Movie 1) (28). These movements are controlled by activation of locomotor programs in the nervous system and responses in the developing muscles in the body. We analyzed pomk morphant embryos at 20 hpf and while they displayed a trend towards more frequent coiling in the tail (1.49 + 0.63 Hz for the morphants compared with 0.44 + 0.12 Hz for controls; N ¼ 3, P ¼ 0.17), the tail movement appeared less powerful as the morphants were not able to shift position in the chorion and the head and tail oscillated around the same location ( Fig. 5B ; Supplementary Material, Movie 2). In fact, while controls performed an average of 0.33 + 0.09 flips per second where the head could be found to the opposite side of the chorion, the morphants were never observed to move from a fixed position (N ¼ 3, P ¼ 0.006).
Increased mortality was observed in morphant clutches at the time of hatching between 2 and 3 dpf with a drop from 87.3 + 5.8% morphant 2 dpf embryos compared with controls to 66.3 + 11.5% morphant 3 dpf embryos (N ¼ 5). At 3 dpf, the tails of surviving morphant larvae were bent (Fig. 5B) and the larvae could not swim normally suggesting muscular weakness. Immunohistochemical analysis of the tail muscle revealed features characteristic of muscular dystrophy. a-DG binds to laminin extracellularly and to dystrophin inside the cell anchoring muscle fibers to the surrounding basement membrane. In the fish muscle, these proteins are concentrated at the regions anchoring the myotomes, the myosepta, which are disrupted in zebrafish models of muscular dystrophy (16, 29, 30) . Laminin and dystrophin expression was reduced in the morphant muscle, as was a-DG glycosylation revealed by VIA4-1 antibody, which recognizes a glycosylated form of the protein. 
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These findings indicate that loss of pomk leads to muscular dystrophy in the fish during early embryonic development. We next asked whether the p.Gln109 * mutation identified in the less severe patients acted via a gain-or loss-of-function mechanism. POMK is predicted to be enzymatically inactive and it is possible that it may contribute to assembling a signaling complex with other kinases (18, 31) . We wondered whether the truncated POMK even without a kinase domain could affect complex formation and act in a dominant negative fashion. We overexpressed up to 1 ng of full-length and truncated (Q109 * ) Figure 5 . pomk knockdown disrupts muscle development in the zebrafish embryo. (A) pomk MO injection affects brain, eye and muscle development in the zebrafish embryo. The tail is thickened and the muscle appears disorganized, the head is smaller and retinal fusion is delayed (compare distance between small arrows in WT and MO right panels). Scale bar: 500 mm. (B) Locomotor activity in the developing zebrafish embryo is disrupted at 20 hpf. Embryo body movement is tracked in a video (Supplementary Material, videos): head movement is tracked in blue and tip of the tail movement in yellow. Both head and tail change position dramatically in the wild type due to spontaneous tail coiling. In the pomk morphants, the head and tail always remain in the same relative situation because the embryo is unable to shift position within the chorion. (B) Morphant larvae at 3 dpf show a shorter and bent tail. Scale bar: 500 mm. (C) pomk morphants muscle at 3 dpf shows signs of muscular dystrophy, laminin and dystrophin (dystr) staining are reduced and glycosylated a-DG is almost completely missing. Disorganization of the muscle fibers can also be noted by the disruption in nuclear orientation revealed by Hoechst staining. Scale bar: 100 mm. (E) Injection of human full-length POMK mRNA in the pomk morphant embryo causes significant phenotypic improvement, while injection of truncated (Q109 * ) POMK mRNA does not (left graph). Overexpression of mRNA up to 1 ng has no effect on the embryos (right graph). Results are from at least three independent experiment and are quantified at 1 dpf scoring the phenotypes shown in Figure 5A . Embryos scored as severe are greatly underdeveloped with barely distinguishable head and tail.
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human POMK mRNA then scored the embryos for the presence or absence of the phenotypes shown in Figure 5A , but all fish appeared normal up to 3 dpf (Fig. 5E ). To show that the mRNA was in fact producing functional protein and to test the effects of the p.Gln109 * mutation, we also co-injected the pomk splice MO with full-length or truncated human mRNA showing that the full-length human POMK was effective in rescuing the morphant phenotype (pomk MO 8.2 + 2.2% normal embryos; MO + full-length POMK 33.7 + 2.7% normal embryos; N ¼ 4, P ¼ 0.0003, Fig. 5E ). The truncated mRNA had no effect demonstrating that this mutation most likely leads to a POMK loss of function (Fig. 5E) .
DISCUSSION
Phenotypic variability of POMK mutations
Dystroglycanopathies are a group of disorders showing genetic and clinical heterogeneity (1) . Mutations in 16 genes have been identified to date to cause phenotypes in the dystroglycanopathy spectrum, but roughly half of the cases still remain unexplained, indicating that even more genetic heterogeneity is to be expected (7, 32, 33) . All 16 known genes are involved in the control of a-DG glycosylation and the regulation of interactions with the ECM, but while six are glycosyltransferases whose substrates are known, the function of many other genes has not been as clearly defined. Genotype -phenotype correlation studies have helped define how each gene is involved in dystroglycan function. Truncating and loss-of-function mutations in the glycosyltransferases POMT1, POMT2, B3GALNT2 and GTDC2 usually cause the most severe dystroglycanopathy, WWS, while hypomorphic missense changes may primarily affect the muscle and cause CMD or LGMD (6,14 -17) . These enzymes assemble the core M3 glycan which is necessary for a-DG's laminin-binding activity (18) and the extreme severity of these loss-of-function phenotypes of this glycan indicates that this modification may be one of the primary determinants of dystroglycan function.
Our findings define a complex genotype -phenotype correlation for POMK, whereby severe truncating mutations can cause both the most severe phenotype in the dystroglycanopathy spectrum, WWS, or one of the least severe, LGMD plus ID. Due to the unavailability of cell lines or tissue from either family, we are unable to test for the presence of residual protein or truncated fragments, yet the combination of an early frameshift (p.Phe96fs) and a missense change (p.Val302Asp) in Family 2 result in a much more severe phenotype than a homozygous nonsense change removing the putative kinase domain (p.Gln109 * ) in Family 1. The rescue experiments using the mutated POMK mRNA following pomk knockdown in the zebrafish embryo show that even if a truncated protein is expressed following the p.Gln109 * mutation, it is likely to be inactive. The function of POMK, previously known as Sugen Kinase 196 (SGK196), has only recently been described as a protein involved in the phosphorylation of O-linked mannose (O-Man) in the core M3 glycan and possibly others (18) . This phosphorylation event is necessary for the addition to the core M3 glycan of a polysaccharide synthesized by the bifunctional glycosyltransferase LARGE, which is also necessary for laminin binding (13) . LARGE assembles a disaccharide chain containing glucuronic acid (GlcA) and xylose (Xyl) in a glycan of variable length (34) . The number of disaccharide repeats in these LARGEglycans has been correlated with muscular disease severity, the extent of muscle fiber regeneration and laminin-binding ability (35) . LARGE is also mutated in dystroglycanopathies, but there are only a dozen known LARGE alleles. Most LARGE alleles are copy number variants leading to deletions, duplications or complex rearrangements and there are only two missense and one nonsense alleles. All but one case have severely truncating alleles which cause a spectrum of brain, eye and muscle phenotypes from WWS to CMD with severe cognitive impairment and white matter abnormalities (6, 36, 37) .
The variability in clinical findings between Families 1 and 2 and the variability observed in the additional cases published by other groups (7, 19) imply either that the laminin-binding site is variably affected by POMK loss of function in different families or that POMK may act in a complex with other proteins, which regulate phosphorylation and allow for normal LARGEglycan expression. While POMK has been shown to regulate O-Man phosphorylation, sequence analysis indicates that important catalytic residues are missing in this protein, hinting to the possibility that interacting partners may be necessary for its function (18) . The phenotypic variability observed in cases with truncating mutations in LARGE and POMK could also imply an alternative muscle regeneration mechanism independent of both these proteins and more active in some patients than others.
POMK expression and function during early muscle development
No functional data are available for POMK loss of function during muscle development. When we explored POMK expression by qPCR analysis in fetal and adult human tissues, we found the highest expression in brain, skeletal muscle, kidney and heart as observed in other dystroglycanopathy genes (16) . This is consistent with additional phenotypes often observed in dystroglycanopathies, such as kidney dysplasia, hydronephrosis and cardiomyopathy, which are not part of the core diagnostic features but often accompany brain and muscle findings (1, 38) . While POMK remained highly expressed in brain, heart and kidney in the adult compared with fetal tissues, skeletal muscle expression decreased by .60%. When we analyzed protein expression using immunohistochemistry in fetal and adult skeletal muscle, we observed that POMK is expressed in all cells in the fetal muscle including cells with myogenic potential, but expression decreases in the adult and becomes concentrated in interstitial cells in between the myofibers and within blood vessels. Interstitial cells are a mixed population of unknown function including mesenchymal progenitors and POMK may have different roles in the adult muscle than in the fetal one.
The fetal expression pattern in all myocytes and interstitial cells suggests an important role during muscle development. Mouse models of dystroglycanopathy genes causing severe phenotypes are often early embryonic lethal, but analysis of conditional models removing Dag1 or Fktn at different stages of development have revealed that dystroglycan is important in both early development and regeneration, with worse phenotypes resulting by early developmental defects (39, 40) .
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Because of its fetal distribution, we tested whether loss of POMK would result in a defect in early myocyte differentiation and myotube fusion in human myogenic cells purified from fetal muscle samples. While POMK was very strongly expressed throughout myocyte differentiation in vitro and knockdown caused a reduction in a-DG glycosylation, we found that myocyte fusion was normal indicating that later stages of differentiation must be affected. Our studies on the zebrafish provided some insight in the timing of action of pomk during development. Differently from the mouse, where dystroglycan glycosylation seems to be more critical for early embryogenesis than in the human, zebrafish phenotypes unfold during embryonic and larval development. Locomotor activity was impaired as early as 20 hpf when the embryos were unable to move freely in the chorion and the brain, eye and muscle appeared affected as 1 dpf. The developing muscle displayed signs of dystrophy and loss of a-DG glycosylation soon after hatching at 3 dpf. Dystrophin and laminin expression at the myosepta were reduced as described in multiple dystroglycanopathy mutants and morphants (16, 29, 41 ) and a-DG glycosylation was reduced in the muscle as was observed following POMK knockdown in fetal myocytes.
In conclusion, we identified a role for POMK in early muscle development, likely contributing to the most severe phenotype observed in some patients, but it remains unclear how different truncating mutations may cause variable phenotypes. Additional studies on POMK interacting partners and the identification of more POMK alleles are necessary to shed light on the role of this protein.
MATERIALS AND METHODS
Subject enrollment
All subjects were enrolled after informed consent was obtained and research was conducted according to protocols approved by the Institutional Review Board of Boston Children's Hospital. Diagnosis in the dystroglycanopathy spectrum was obtained by assessing a combination of brain, eye and muscle phenotypes that are characteristic of these disorders. A clinical diagnosis of congenital or limb-girdle muscular dystrophy, based on severe hypotonia, elevated serum CK and where possible a histopathological confirmation of muscular dystrophy. At the more severe end of the spectrum the presence of brain malformations including cobblestone lissencephaly, severe ventriculomegaly and brain stem/cerebellar hypoplasia, and of ocular malformations in the retina or anterior chamber of the eye. For less severely affected subjects, a concurrent diagnosis of cognitive impairment or no brain and eye defects was given.
Genome-wide genotyping and exome sequencing
Genomic DNA was prepared from peripheral blood samples or myocytes from patients and available family members according to standard protocols. Six hundred to 1000 ng of genomic DNA was used to hybridize Illumina Human610-Quad single nucleotide polymorphism (SNP) arrays at the Yale Center for Genome Analysis, Yale School of Medicine. Genotyping data were analyzed using the loss of heterozygosity algorithm on dChip software (42) to identify regions of identity by descent. SNP data from each individual were also imported as custom tracks in the UCSC Genome Browser (http://genome.ucsc.edu) for visualization. Ten micrograms of genomic DNA from Patient 1 were used for enrichment via array capture of the three regions of homozygosity identified in this family. Capture arrays were custom designed by Nimblegen and libraries were sequenced on an Illumina 2G machine with coverage of at least 5× for 92% of the target. In all other families, affected individuals were sequenced on an Illumina HiSeq 2000 machine at a coverage averaging at least 50× for 95% of the genome following capture with Agilent SureSelect Human All Exon kits. Sequencing reads were mapped to the reference genome using a custom pipeline and annotated on Annovar software (43) . Exome variants from all subjects are combined in a common SQL database where they can be queried. Candidate variants are validated by Sanger sequencing following amplification of the surrounding genomic region by PCR. Sanger sequencing was performed at SeqWright (Houston, TX, USA) or Eurofins (Huntsville, AL, USA). Inheritance pattern was confirmed in all available family members and variant frequency was determined via the Exome Variant Server containing exome data from 6503 samples from the NHLBI Exome Sequencing Project.
SGK196 expression analysis
cDNA samples from human fetal and adult postmortem brain tissue were obtained commercially (BioChain and Clontech). qPCR was performed using SYBR green reagents (SsoFast EvaGreen Supermix from Bio-Rad) on a Bio-Rad platform (CFX384) using the following primers SGK196-For 5 ′ -CTT CTTCATCGCTCCTCGACA-3 ′ and SGK196-Rev 5 ′ -AGCCA AGGTGAGCAGTTTTTC-3 ′ . Expression was normalized to b-actin (ACTB). Relative expression levels are indicated as ratio to a control sample containing equal amounts of all individual tissue cDNAs.
Cortices were dissected at the indicated embryonic and postnatal days from embryos and pups obtained from wild-type C57BL/6 mice. Lysates were prepared in RIPA buffer (0.5% SDS, 1% Triton X-100, 5 mM EDTA, 2 mM DTT in PBS) plus protease and phosphatase inhibitors (Sigma).
Immunofluorescence staining of muscle tissue sections
Tissue samples from de-identified, discarded human fetal muscle samples at 21 weeks gestational age as well as de-identified, discarded adult autopsy muscle tissue from individuals not affected by muscle disease was frozen in liquid nitrogen chilled isopentane. Tissue was stored at 280 C until further use. These samples were collected under a protocol approved by the Committee of Clinical Investigation at Boston Children's Hospital.
Frozen muscle samples were sectioned on a cryostat at thickness of 7 mm and collected on slides (Tissue Tack Microscope slides; Polysciences). Tissue was fixed with 100% methanol for 3 min followed by several washes in PBS, and 1 h blocking in 10% FBS/PBS, all at room temperature. Sections were incubated with mouse anti-SGK196/POMK (Abcam, ab57908; 1:100), rabbit anti-Laminin (Sigma, 1:500), rabbit anti-LaminA/ C (Epitomics, 1:500) in blocking solution o/n at 48C. The secondary antibodies donkey anti mouse Alexa594 (Invitrogen, 1:500) Human fetal myogenic cells were purified by FACS based on expression of MCAM as previously described (24) . Myogenic cells were expanded in growth medium consisting of DMEM-high glucose, 20% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin. At 65-70% confluence, myogenic cells were induced to differentiate in DMEM-low glucose, 2% horse serum, 100 U/ml penicillin and 100 mg/ml streptomycin. Differentiation medium was changed daily and cells were monitored for myotube formation. Proliferating cells in growth media with high glucose and serum were harvested as Day 0 sample, whereas the differentiating cells were harvested daily and labeled accordingly.
Western blotting
Cell lysates were made with M-PER Mammalian protein extraction reagent (Thermo Scientific) containing protease and phosphatase inhibitor cocktail tablets (Roche Applied Sciences). Twenty-five micrograms of total protein treated with sample loading buffer either with or without b-mercaptoethanol and heated for 10 min at 958C and separated using Precast NuPage 4 -12% Bis -Tris acrylamide gel (Invitrogen) SDS -PAGE. The proteins were wet transferred to nitrocellulose membrane (Bio-Rad). The membranes were blocked with 5% BSA and 1% milk and probed with primary antibodies in the blocking solution, overnight at 48C. The blots were washed with 1× TBST and labeled with HRP conjugated anti-IgG in 5% milk; then washed again in 1× TBST and developed using ECL solution (Perkin Elmer). The primary antibodies used were anti-SGK196/ POMK (Abcam, 1:1000), a-DG (Millipore-1:1000) and b-actin (Sigma 1:5000).
siRNA oligos transfection and analysis
On-Target plus siRNA oligonucleotide pool for human SGK196/POMK was purchased (Thermo Scientific). As controls, On-Target plus control non-target siRNA oligos and On-target plus human GAPDH siRNA duplex (Thermo Scientific) were obtained and reconstituted in the siRNA buffer each at the concentration of 20 mM. siRNA oligos were electroporated in primary MCAM + myogenic cells with T-012 program using Amaxa NHDF Nucleofector kit (Lonza), as per manufacture's protocol. Optimization and transfection efficiency was determined using the pmax GFP (Lonza). After 48 h, the transfected cells were lysed as mentioned above and used for protein analysis and the rest were stimulated to differentiate and the samples collected in the following consecutive days as described above.
Knockdown of pomk in zebrafish
Fertilized zebrafish oocytes were obtained from Oregon AB breeders maintained by the Aquatic Resources Program at Boston Children's Hospital or by the Manzini lab at the George Washington University as described (44) . All animal work was performed in compliance with protocols approved by the Boston Children's Hospital and the George Washington University Animal Care and Use Committees. Microinjection was performed at the one-or two-cell stage (20 -45 min postfertilization) using pulled borosilicate pipettes on a PLI-100A Pico-Injector (Harvard Apparatus). Morpholino oligonucleotide (MO) sequences were designed by Gene Tools LLC (Philomat, OR, USA) to target the start site or intron 1 splice donor site of pomk (CR848040.6 bp49392-55962) as follows: sgk196 start CCACCGACAGCAGTGCCACCCATAA and sgk196 splice ACCAATCTCACCAAACTCACCTTCT. Both MOs were injected at 5 ng in 1× Danieau solution (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO 4 , 0.6 mM Ca(NO 3 ) 2 , 5 mm HEPES, pH 7.6) with 0.1% phenol red as injection dye. Full-length or truncated (Q109 * ) POMK mRNA was PCR amplified from an MGC Sequence-Verified cDNA clone obtained from Thermo Scientific (MHS6278-202857477) and cloned into pCS2+ for capped mRNA production. mRNA was produced using the Ambion mMessage mMachine SP6 transcription kit. Embryos were maintained at 28.58C and staged at hours and days postfertilization.
Zebrafish immunohistochemistry
Embryos and larvae were anesthetized using 0.4% Tricaine stock and fixed in 4% paraformaldehyde in PBS o/n at 48C. After the fixative was washed away with PBS plus 1% Tween, the samples were equilibrated in 40% sucrose to prepare for cryosection. Samples were then embedded in Neg50 Frozen Section Medium (Thermo Scientific) and 18 mm sections were obtained on a Microm HM-505E cryostat. The strongest immunostaining for laminin and dystrophin was observed in the absence of detergent, so sections were not permeabilized and just blocked in 10% normal goat serum in PBS prior to staining with rabbit anti-laminin (Sigma; 1:75), mouse anti-dystrophin (Sigma; 1:100) or mouse anti-a-DG (clone VIA4-1, Sigma; 1:100). Secondary antibodies were: donkey anti mouse Alexa568 (Life Technologies, 1:500) and donkey anti rabbit Alexa488 (Life Technologies, 1:500). Imaging was performed on a Zeiss Imager M uprights fluorescent microscope.
at Yale University for performing genome-wide SNP array hybridization.
